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Abstract: Glycosylated hemoglobin (HbAlc) is considered a new standard for the detection
of diabetes mellitus because it is more accurate than regular blood sugar tests and there is no
need to take blood on an empty stomach or at a specific time. In this work, we have developed
a novel optical fiber biosensor, referred to as the “WaveFlex biosensor,” which operates on
the principles of localized surface plasmon resonance (LSPR) plasmonic wave. The sensor is
fabricated using an innovative S-tapered and waist-expanded technique, enabling it to effectively
detect HbAlc. Compared to the HbAlc sensors currently in use, HbAlc optical fiber sensors
possess the characteristics of high sensitivity, low cost, and strong anti-interference ability. The
gold nanoparticles (AuNPs), cerium oxide (CeO;) nanorods (NRs), and tungsten disulfide (WS,)
nanosheets (NSs) are functionalized to improve the effectiveness of the fiber sensor on the probe
surface. AuNPs are utilized to generate LSPR by the excitation of evanescent waves to amplify
the sensing signal. The CeO;,-NRs can have a strong metal-carrier interaction with AuNPs,
enhancing the cascade of CeO,-NRs and AuNPs. The WS,-NSs with layered fold structure
have a large specific surface area. Therefore, the combination of CeO,-NRs and WS,-NSs is
conducive to the binding of antibodies and the addition of sites. The functionalized antibodies
on the fiber make the sensor probe capable of specific selection. The developed probe is applied
to test the HbAlc solution over concentrations of 0-1000 pg/mL, and the sensitivity and limits of
detection of 1.195x107> a.u./(ug/mL) and 1.66 ug/mL are obtained, respectively. The sensor
probe is also evaluated using assays for reproducibility, reusability, selectivity, and pH. According
to the findings, a novel method for detecting blood glucose based on a plasmonic biosensor is
proposed.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Hyperglycemia is a defining feature of the metabolic illness. Diabetes mellitus (DM) is one of
the top ten global causes of death for people [1]. DM usually does not cause serious damage, but
persistent hyperglycemia can result in many dangerous complications. These complications can
lead to a coma or even death if left untreated. Eye, kidney, nerve, heart, and blood vessel problems
are the most common long-term consequences of DM [2—4]. Early blood glucose management
has been proven to be an effective means to prevent or delay DM-related complications [5]. As a
biomarker for the clinical diagnosis and management of DM, glycosylated hemoglobin (HbA1c)
is considered to be the most valuable indicator of glycemic control status [6,7]. The N-terminal
valine residues of the hemoglobin -chain and glucose combine to generate the stable molecule
known as HbAlc. The degree of glycosylation depends on the time of protein contact with blood
glucose and the concentrations [8]. Compared with the regular blood glucose index, the HbAlc
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index is more stable and unaffected by the testing time, fasting insulin injection, or hypoglycemic
drugs. The HbAlc index can reflect the average blood glucose level in the past 2-3 months with
good stability [9]. As it currently stands, the level of HbAlc in the human body is considered
normal if it is below 6.5% [10]. If the measured value is higher than the standard, it can be
considered pre-DM or has developed DM. For the diagnosis and treatment of DM and insulin
resistance, the measurement of HbAlc is crucial [11,12].

Luminescence, electrochemistry, and colorimetry are among the biosensors for detecting
HbAlc [13,14]. To measure HbAlc, Ahn et al. created a luminol chemiluminescence biosensor
based on a gold substrate treated with boronic acid. The constructed biosensor’s linear dynamic
range of HbAlc was good, ranging from 2.5% to 17.0%, covering the entire range of clinically
significant levels [15]. Thapa et al. created a label-free, single-sample electrochemical detection
technique for glucose and HbA 1c based on altering carbon electrodes. The results demonstrated
that the sensitivity of the biosensor was 0.09 yAmm~2pg~! [16]. Mulder et al. utilized the
colorimetry method to detect fructose-based amino acids to indirectly detect HbAlc in blank
serum doped with fructose-based amino acids. The results showed that the spectrophotometric
readings and colorimetric results could be obtained by visual detection [17]. However, the
biosensors based on the above methods have the disadvantages of poor long-term performance
stability and complex system assembly [18]. The optical fiber biosensors have the advantages of
high sensitivity and portability. The detection of proteins, viruses, bacteria, and DNA has been
made possible by label-free testing and robust anti-interference abilities [19-23]. There is no
application of optical fiber biosensors in the detection of HbAlc. It is very necessary to explore
the potential of optical fiber biosensors in the detection of HbAlc.

Different optical fiber sensing technologies are used to measure various quantities [24-26], of
which Localized surface plasmon resonance (LSPR) is one with excellent performance. LSPR
is a kind of technology that utilizes an electromagnetic field to excite the electron collective
oscillation of metal atoms on the probe surface to realize signal enhancement. The LSPR fiber
sensors possess higher sensitivity, lower cost, and better environmental stability [21]. The special
fiber structures and nanoparticles (NPs) immobilized on the fiber are usually utilized to enhance
the signal of LSPR fiber sensors. For the detection of creatinine, Li ef al. suggested a sensitive
fiber biosensor based on single mode fiber-multicore fiber-multimode fiber-single mode fiber
(SMF-MCF-MMEF-SMF). Graphene oxide and MoS,-NPs were used to modify the fiber probe
to increase the binding site of biomolecules, and creatinine detection with a sensitivity of 2.5
pm/uM was realized [18]. To detect glucose in the human body, Feng ez al. created an LSPR fiber
biosensor based on a monolayer graphene/AulNPs three-dimensional hybrid structure, attaining a
sensitivity of 1317.61 nm/RIU [27].

CeO,-NPs possess the advantages of fine particle size, large surface area, high biochemical
activity, and good optical properties and have been widely used in gas detection, photocatalysis, and
fuel cell particle thin films [28-30]. Moreover, CeO,-NPs have been prepared into heterojunction
structures with other materials and applied in the biosensors field, showing good cascading ability
with other low-dimensional materials. In order to achieve the ultrasensitive detection of enolase
that is specific to neurons, Li ef al. devised a luminol-based electrochemiluminescence (ECL)
biosensor. With a LOD of 72.4 fg/mL, the proposed ECL immunosensor based on CePO4/CeO,
heterostructures was able to detect substances with high sensitivity in the detection range of 76
fg/mL-100 ng/mL [31]. Based on a CeO,/MXene heterojunction and a configuration-entropy-
driven dual-toehold strand displacement reaction for signal amplification, Cheng et al. created an
ECL biosensing platform to identify the BCR-ABL fusion gene. The LOD was as low as 0.27 fM,
and the designed ECL biosensor accomplished a broad concentration variation from 1 fM to 100
pM [32]. With exceptional physical and chemical characteristics, a very high specific surface area,
strong biocompatibility, and minimal cytotoxicity, WS, is a great material that has been applied
in biosensors and photosensitive therapy [33]. The layered fold structure of WS, gives its a large
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specific surface area, which is beneficial to the attachment of biomolecules. In this work, AuNPs,
CeO;-NRs, and WS,-NSs were immobilized on the fiber probe. CeO, is often employed to
stabilize and disperse the metal particles on the load, generating a strong metal-carrier interaction
and enhancing the cascade of CeO,-NRs and AuNPs [34]. A compact integrated composite
structure can be formed on the surface of the fiber probe by combing CeO,-NRs and WS,-NSs.

In this work, a highly sensitive biosensor based on plasmonics, the S-tapered and waist-
expanded technique, was developed for the detection of HbAlc. The fiber probe based on
micro-processing techniques can have a high sensitivity to refractive index (RI) changes. AuNPs,
Ce0O,-NRs, and WS,-NSs were sequentially immobilized on the probe to improve the effectiveness
of sensing and expand the antibody sites. By functionalizing HbAlc antibodies on the probe
surface, the proposed probe possesses the ability to detect HbA1c specifically. Here, the prepared
plasmonic biosensor was utilized to measure HbAlc solutions over a linear range of 0-1000
pg/mL. Additionally, the reusability, reproducibility, stability, pH test, and selectivity tests were
performed to assess the application in real life.

2. Experiments

2.1. Materials

The fiber probe based on the S-tapered and waist-expanded technique was made by SMF (8.2
um, 125 pm) from EB-link Technologies Co., Ltd., China. AuNPs were synthesized by the
following reagents: trisodium citrate, hydrogen tetrachloroaurate, and deionized (DI) water.
CeO,-NRs and WS;,-NSs were purchased from Nanjing XFNANO Materials Tech Co., Ltd,
China. DI water and N-methylpyrrolidone were used to dissolve CeO,-NRs and WS;-NSs,
respectively. Acetone, concentrated sulfuric acid (H,SOq4, 98%), hydrogen peroxide solution
(H,05,, 30%), and ethanol were utilized to clean the fiber. For the immobilization of nanomaterials,
(3-mercaptopropyl)trimethoxysilane (MPTMS) was used. The functionalization of antibodies
was accomplished with the help of N-hydroxy succinimide (NHS), 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC), and 11-mercaptoundecanoic acid (MUA). HbAlc
antibodies and HbA 1c were both from Cloud-Clone Corp, China. Several biological reagents,
such as myoglobin, bovine blood protein (BBP), bovine serum albumin (BSA), and glucose, were
purchased from Macklin (Shanghai) for the selectivity test.

2.2. Instruments and measurements

The fiber structure based on the S-tapered and waist-expanded technique was fabricated by
using the 3SAE combiner manufacturing system (CMS) and a special fusion splicer machine
(FSM-100P+, Fujikura) in combination. Scanning electron microscopy (SEM) utilized a fine
focused electron beam to scan the surface of the samples to characterize the fiber structure and
the nanomaterials functionalized on the fiber surface. The microstructure of nanomaterials
was analyzed by high-resolution transmission electron microscopy (HR-TEM, Talos L120C,
Thermo Fisher Scientific). The absorption spectrum of AuNPs was tested by a UV-visible
spectrophotometer. The tungsten-halogen light source (HL-2000, Ocean Optics) was employed
as the excitation light source, and a spectrometer (USB2000+, Ocean Optics) was used to record
the spectrum through the transmitted intensity experiment.

2.3. Preparation of sensor probe

The fiber probe was fabricated from conventional SMF. The fabrication process of the fiber
probe was shown in Fig. 1(a). Firstly, the FSM was utilized to fabricate the spherical structure
by controlling the amount of overlap during fusing, as shown in Fig. 1(b). Under normal
circumstances, there was no fiber diameter change at the fusion splices after the fusion was
completed. When the amount in overlap during fusing progress was set to 20 um, both ends of
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the fiber were fused properly. With the increase of overlap, the fusion splices of fiber exhibited a
spherical structure after fusing, and the size of the spherical diameter got larger with the increase
in overlap. If the diameter of the ball is too large, the transmitted spectrum intensity will be too
low, which is not conducive to subsequent sensing experiments. Finally, the amount of overlap
was set to a preset maximum of 100 pm, corresponding to the ball diameter of 150 um. After the
fabrication of the spherical fiber structure, a distance of 600 pum was selected at the right side of
the spherical structure to fabricate a S-taper. The distance of 600 um can prevent the spherical
structure from being affected during the tapering process. As shown in Fig. 1(c), the S-taper
was prepared by the optimizer in the CMS, and finally, the sensor based on the S-tapered and
waist-expanded techniques was obtained.

e SMF SMF \ 7~ SMF ™\

Spherical structure

\(b) FSM
/ Fixture

AN

S-tapered and spherical structure

\(a)

Fig. 1. (a)The fabrication process of sensor probe, (b) fusion splicer machine (FSM), (c)
combiner manufacturing system (CMS).

2.4. Sensing principle and stimulation

The RSoft software was utilized to simulate the fiber structure based on the S-tapered and
waist-expanded techniques. Firstly, the S-tapered fibers with diameters of 40 um, 60 um, and
80 um were simulated, as shown in Fig. 2. The S-tapered fiber structure of 40 pm has a lower
transmission intensity, meaning that it can generate stronger EWs. As can be seen from Fig. 2(a),
the fundamental mode is coupled to the cladding at the first bending position of the S-taper to
form the higher-order mode, and the higher-order modes in the cladding at the second bending
position after propagation for some distance are coupled to the core. On this basis, the light field
variations of spherical and S-tapered cascaded structures with different diameters are simulated,
respectively. The results of Fig. 3 show that the light field distribution is not obviously different
from that of a single S-taper fiber structure when the spherical diameter of the sphere is less than
150 pm.

As shown in Fig. 3(a), it can be clearly seen that the light in the core is coupled to the cladding
after passing through the spherical structure when the diameter of the spherical structure is
150 um, optimizing the defect of insufficient light field energy in the cladding of the front part of
the S-taper. Compared with the straight-taper fiber structure, the S-tapered fiber structure can
generate stronger EWs under light excitation and enhance the interaction between light and the



Vol. 14, No. 11/1 Nov 2023/ Biomedical Optics Express 6104 |

Biomedical Optics EXPRESS

] Patiway, Pathway, | | Pathway,
A monitor Monitor )L Monior: 10
1 ] L 4000 ! 1 \F I
1, Launch 1. Launch [ 1. Launch
2 Modeo " [ 2.Modeo
] [ ..Ez Mode 0 2000 £ o
€ [ 2 Mode 1 £ 2Modet  E | 2. Mode 1 I
N / R 2
2000 / 1 2,Mode 2 ™ -2, Mode 2 2000 Ez Mode 2
1000 ] |k v 1000 ] E I
| \ it
i I8
S 0 " A FrrerrrrT 30
-50 0 50 100150 1.0 05 00 -50 0 50 100150 10 05 0.0 -50 0 50 100150 10 05 0.0
X (am) Monitor Value (a.u.) X (um) Monitor Value (a.u.) X (um) Monitor Value (a.u.)

Fig. 2. Simulation results of an S-tapered fiber structure with different diameters. (a) 40
um, (b) 60 um and (c) 80 pum.
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Fig. 3. Simulation results of an S-taper-based spherical structure with different cladding
diameters: (a) 150 um, (b) 145 pm, (c) 140 um, and (d) 135 pm.

object to be measured. The S-tapered fiber has the characteristics of temperature insensitivity,
fast response speed, and high sensitivity [35]. The spherical structure of the front end of the
S-taper can make up for the deficiency of light field energy in the front cladding of the S-taper.
Therefore, the combination of the two fiber structures can make the fiber have a good sensing
response. The fiber structure based on the S-tapered and waist-expanded technique can produce
more EWs, which are more sensitive to the RI of the external environment and are conducive to
sensing applications.

2.5. Nanomaterials and antibodies functionalization

To ensure that the fiber surface is sufficiently clean, acetone was used to clean the fiber probe
sensing area to remove most of the organic dust. The dry fiber probe was engulfed in Piranha
solution (HyO,:H,SO4 =3:7) for 30 minutes. This procedure created a hydroxyl layer on the
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Fig. 4. Schematic of the NPs-immobilization and HbAlc antibody-functionalization
process.
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probe surface. To get rid of the remainder Piranha solution, the probe was cleaned with DI water
and dried at 70 °C. The entire functionalization process of the probe is shown in Fig. 4. The
immobilization of AuNPs was completed by the method of covalent bond. Firstly, the sensor
probe was engulfed in ethanol containing MPTMS for 12 hours to modify the SH group of the
sensing region. Then, the sensing region was immersed in AuNPs solution for 48 hours, and
the MPTMS mercaptan groups and AuNPs formed a stable covalent connection, which was
conducive to the adhesion of AuNPs to the probe surface. To make CeO,-NRs solution, 17 mL
of NMP solution was mixed with 8 mg of CeO,-NRs powder. The mixture was evenly dispersed
by ultrasonic treatment for one hour. And the supernatant was obtained by centrifugation at
3000 rpm for 15 min to complete the process of functionalization [36]. 1 mg of WS, powder
was dissolved in DI water, and the WS,-NSs solution was obtained by the same method [33].
CeO,-NRs and WS,-NSs were successive immobilized on the surface of the fiber sensing area
by the annealing method.

HbAlc antibodies were functionalized on the nanomaterial surface by amino-conjugated
fixation, which could produce high-quality results. To permanently fix the carboxylic base on
the probe surface, the probe was first submerged in a 5 mL, 0.5 mM MUA ethanol solution
for 5 hours. The carboxyl group was then activated to generate an amine-active lipid using a
combination of 5 mL of EDC (200 mM) and 5 mL of NHS (50 mM).

The specific method was dipping the probe in the solution for 30 minutes. Finally, the sensor
probe was functionalized with HbA1c antibodies by immersing it in an antibody solution (20
pg/mL) for 12 hours to achieve a specific selection of the sensor probe [37]. The 10 mg/mL of
BSA solution was utilized to block the unreacted sites and minimize nonspecific adsorption. The
transmitted intensity before and after functionalization is compared, and the results are shown
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Fig. 5. The comparison of transmitted intensity between bare fiber probe and fiber with
functionalization.

in Fig. 5. It can be seen that the transmitted intensity decreases after the functionalization of
AuNPs and nanomaterials.

2.6. Preparation of HbA1c solutions

The 1xXPBS solution was used to prepare HbAlc solutions with concentrations of 0, 10, 50,
200, 400, 600, and 1000 ug/mL. The specific method was used to prepare a concentration of
1000 pg/mL of HbAlc solution. After that, 1 XPBS solution was utilized to dilute and obtain
the required low-concentration of HbAlc solution. Different concentrations of HbAlc solutions
were applied to test the sensing capabilities of the developed probe.

2.7. Experimental setup

Fig. 6. Schematic of the experimental setup for detection of HbAlc.
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The schematic diagram of the experimental setup for measuring the HbA lc solution is shown in
Fig. 6. The halogen light source with a band of 200-1000 nm was employed to excite AuNPs
immobilized on the probe to generate LSPR. The spectrum generated by the probe under the
action of the light field was recorded by the spectrometer and transmitted to the laptop. The
concentration change of the HbA1c solution can be analyzed through the transmitted intensity on
the computer.

3. Results and discussions
3.1. Characterization of fiber structure and nanomaterials

A UV-visible spectrophotometer was used to determine the absorption spectrum of AuNPs,
as shown in Fig. 7(a), and its absorption peak wavelength is located at 520 nm. Figure 7(b)
showed the HR-TEM information of AuNPs; the size of AuNPs was relatively uniform (about
10nm). The size of the AuNPs corresponded exactly to the measured peak wavelength of
absorption. HR-TEM information of CeO,-NRs was shown in Fig. 7(c), from which an obvious
compact rod-like structure could be seen. Figure 7(d) displays HR-TEM images of WS,-NSs,
and the obvious layered fold structure can be observed from the picture, which was confirmed by
previous work [38]. The combination of CeO,-NRs and WS,-NSs was beneficial to improving
the performance of sensor probes.
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Fig. 7. (a) Absorbance spectrum of AuNPs, (b) HR-TEM image of AuNPs, (c) HR-TEM
images of CeO,-NRs and (d) WS,-NSs.



Vol. 14, No. 11/1 Nov 2023/ Biomedical Optics Express 6108 |

Fig. 8. (a) Images of the fiber structure under microscope; SEM images of (b) AuNPs-coated,
(c) AuNPs/CeO;-coated and (d) AuNPs/CeO,/WS,-NSs-coated fiber structure.

The microscope was used to characterize the WaveFlex fiber structure based on S-tapered and
waist-expanded techniques. As can be seen from Fig. 8(a), the diameter of the waist-expanded
ball was 150 um, and the diameter of the taper area was 40 um. Moreover, the fiber on both sides
of the taper region had an obvious axial deviation. SEM was used to evaluate and characterize
the nanomaterials that were functionalized on the fiber probe. In Fig. 8(b), it can be clearly
seen that AuNPs are successfully attached to the fiber surface and that the dispersion of NPs
is relatively uniform. Figure 8(c) showed the SEM information of CeO;, in which CeO, with
a layered structure was stacked on top of AuNPs. The SEM information of the immobilized
AuNPs/Ce0,/WS; on the surface of the fiber probe is shown in Fig. 8(d). WS;-NSs were
successfully fixed on the fiber probe. The combination of the above two materials is conducive to
enhancing the adhesion site of the antibodies and the performance of the sensor.

3.2. HbATc solution and stability test

The developed Waveflex fiber probe was employed to detect HbAlc solutions at different
concentrations. The test process was performed from low to high concentrations, and the sensor
probe needed to be washed with PBS after each test. Because of the presence of HbA1c antibodies
on the surface of the sensor probe, it will cause different RI changes in the external environment
when the probe is placed in different concentrations of HbAlc solution. The RI change can be
demonstrated by the change in transmitted intensity, as depicted in Fig. 9(a). Through the linear
fitting of the transmitted intensity with the variation of HbAlc concentration, the sensitivity can
be obtained:

I=-1.195%x 107°C + 2.864 x 10* (1)

here, I represents the transmitted intensity, and C is the HbAlc concentration. The linear
correlation fitting factor R* = 0.973, as shown in Fig. 9(b), indicating a good linear fit. Stability
is a crucial metric for assessing the sensor probe. The transmission intensity of 1 X PBS was
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Fig. 9. The measurement results of the HbAlc sensor probe. (a) transmitted intensity; (b)
linearity of the developed probe.

recorded ten-times with the developed fiber probe. The experiment’s findings are displayed in
Fig. 10. The Limit of detection (LoD), as an essential aspect to evaluate the sensor, is the lowest
concentration that can be detected. The calculation method is the ration of three-times standard
deviation (SD= 0.66) and sensitivity, and the LOD is obtained at 1.66 pg/mL.
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Fig. 10. Stability test of the fiber sensor probe.

3.3.  Reproducibility and reusability test

Reproducibility and reusability are crucial criteria for evaluate the practical application capability
of a sensor probe. The reproducibility test is to select three probes to test the same concentration
and observe whether the sensing results are consistent. Three sensor probes were employed to
test a 1000 ug/mL HbA ¢ solution, as shown in Fig. 11(a). The outcomes reveal that the sensing
results of the three probes are highly consistent, which proves the good reproducibility of the
prepared probes.

The same sensor probe was utilized to test the same concentration after 30 days to measure
the stability over time. The probes were tested at O ug/mL and 1000 ug/mL HbAlc solutions,
respectively. The same spectral transmitted intensity results in Fig. 11(b) demonstrate the
reusability of the developed probes over time.
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Fig. 11. Sensing performance analysis, (a) reproducibility, and (b) reusability test of fiber
probe after 30 days.

3.4. pH and selectivity test

To verify the application capability of the developed sensor probes in different pH solution
environments, PBS solutions with pH values of 3, 6, 10, and 13 were prepared by using acetic
acid and KOH, respectively. The HbAlc solutions of O ug/mL and 1000 ug/mL were mixed with
the solution with different pH values, respectively. The measurement’s findings are displayed
in Fig. 12(a). The variety of transmitted intensity is greatest when the pH value is 7.4. For
other pH values in a solution environment, there is little or no change in spectral intensity. The
strong acid or alkali environment causes the inactivation of antibodies, which affects the sensing
performance. The maximum spectral intensity variation with a pH value of 7.4 demonstrates the
potential application in human serum.
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Fig. 12. (a) pH and (c) selectivity test of developed fiber sensor probe.

The unique recognition of the sensor probe is also an important parameter. The proposed
probe must be insensitive to any substances except HbAlc. The myoglobin, BBP, BSA, glucose,
and HbA 1c solutions of 0 pg/mL and 1000 pg/mL were prepared to perform the selectivity test.
The results in Fig. 12(b) show that the transmitted intensity changes the most when the detection
sample is HbAlc. The presence of HbAlc antibodies on the probe makes the sensor probe
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Table 1. Performance comparison of the proposed sensor with existing ones.

Mechanism Materials used Detection Range Sensitivity Detection limit Ref.
Electrochemical MWCNTs/AuNPs 0.186-2.004 g/dL n.r.? 0.186 g/dL. [39]
Electrochemical NEF/MWCNT 31.2-500nM nr.% 4.2 nM [40]

SPR vinyl phenyl boronic 10-200 pg/mL nr.? 2.86 pg/mL [41]
acid (VPBA)
LSPR AuNPs 0.09-2.35 g/L n.r. 0.03g/L [42]
Colorimetric AuNPs 4%-14% n.r.’ 42.5 g/mL [43]
LSPR AuNPs/CeO;,-NRs/ 0-1000 pg/mL 1.195x1073 1.66 ug/mL This
WS,-NSs a.u./(ug/mL) work
“Not reported

possess the ability to recognize HbAlc. Consequently, it can be concluded that the proposed
sensor probe can be applied to human serum for the detection of HbAlc.

3.5. Evaluation of sensing performance

The developed HbA 1c fiber biosensor based on the S-tapered and waist-expanded technique
possesses the characteristics of high sensitivity, portability, low cost, and novelty. The performance
is summarized in Table 1 of HbAlc biosensors based on different mechanisms. The compared
results show that our proposed fiber biosensor for the detection of HbAlc has the advantages
of high sensitivity, a broad detection range, and a good LoD. The idea of developing HbAlc
biosensors based on novel fiber structures and nanomaterial enhancement techniques has been
fully proven.

4. Conclusion

In this work, a plasmonic fiber HbAlc sensor based on the S-tapered and waist-expanded
technique was proposed for the first time. AuNPs were first fixed on the fiber probe in order to
activate the LSPR to achieve the signal enhancement.

Ce0,-NRs capable of strong metal-carrier interactions with AuNPs were then immobilized on
the sensor probe surface to enhance the cascade of CeO,-NRs and AuNPs. The combination of
CeO;-NRs with the layered fold structure of WS,-NSs can form a dense integrated composite
structure on the probe surface, which can increase the site of biological antibodies. The sensor
probe possesses the ability for specific selection by functionalizing the HbA 1c antibodies on
the surface of the probe. The sensitivity and LoD were obtained to be 1.195x107> a.u./(ug/mL)
and 1.66 pg/mL by measuring different concentrations of HbAlc. The good linear fitting was
observed to be 0.973 over a linear range of 0-1000 pg/mL. Moreover, reproducibility, reusability,
selectivity, and pH test experiments were performed to evaluate the sensor probe. The results
demonstrate that the proposed plasmonic fiber HbAlc sensor has the potential for diabetes
mellitus detection.
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